Optically driven actuators have been fabricated from single-wall carbon nanotube-polymer composite sheets. Like natural muscles, the millimetre-scale actuators are assemblies of millions of individual nanotube actuators processed into macroscopic length scales and bonded to an acrylic elastomer sheet to form an actuator that have been shown to generate higher stress than natural muscles and higher strains than high-modulus piezoelectric materials. Strain measurements revealed 0.01%-0.3% elastic strain generated due to electrostatic and thermal effects under visible light intensities of 5-120 mW cm −2 . An optically actuated nanotube gripper is demonstrated to show manipulation of small objects. This actuation technology overcomes some of the fundamental limitations such as the use of high voltages or electrochemical solutions for actuation, opening up possibilities for remote light-induced actuation technologies.
Introduction
The direct conversion of different types of energy to mechanical energy is of importance in many applications such as robotics, artificial muscles, optical displays, prosthetic devices, optical communication, micromechanical and microfluidic devices. Although piezoelectric ceramics, shape memory alloys, and magnetostrictive materials are well known and their applications commercialized, they are handicapped by the maximum allowable operational temperatures, requirement of high voltages, and limitations on the work densities per cycle. In recent years, carbon nanotubes [1] [2] [3] , metallic nanoparticles [4, 5] , and polymer actuators [6] [7] [8] [9] [10] [11] have been proposed to be attractive alternatives to overcome these problems. Of these materials systems, polymer materials, which have stroke, force, and efficiency similar to that of human muscles, are very promising because of their low cost and wide choice of polymer materials. It has been shown that certain types of elastomer can not only produce more than 100% strain but also have a smaller response time than other high-strain electroactive polymers [11] . While the performance is excellent, the electrical field strengths required for creating such strains (100 MV m −1 ) restrict their applications in many areas.
Since their discovery, single-wall carbon nanotubes (SWNTs) have attracted much attention owing to their excellent electrical, mechanical, optical and thermal properties [12] [13] [14] [15] [16] [17] [18] [19] . The first carbon nanotube actuator was demonstrated in 1999 using electrochemical actuation principles [1] . In the same year, the elastic response of the carbon nanotube bundles to visible light was investigated [14] . However, the actuation mechanism, and whether such light-induced movements could be converted into practical actuation technologies that would require low power of operation, high energy conversion efficiencies and work densities per cycle, were not clear.
Many attempts have been made in the past to combine polymer material systems with SWNTs, aiming to improve the properties of either system. They have been combined to improve electrical properties [20] , mechanical properties of the composite [21] , strain response of polymer actuator [22] and used as the functional layer in organic light-emitting diodes [23, 24] . More recently, a carbon nanotube-polymer nanocomposite has also been introduced as an actuator material showing a novel and promising approach of optical actuation using the shape memory effect in nanotube-polymer composites [25] . The actuation was due to the triggering and subsequent release of stored mechanical energy in the materials when in deformed state rather than a direct transduction of optical energy to mechanical energy.
One of the major challenges in the area of carbon nanotubes is to be able to process them into macroscopic scales for more practical applications. In this paper we report a simple yet robust actuator made up of millions of individual nanotube actuators processed into sheets of macroscopic lengths supported on acrylic elastomer sheets to form an actuator that can respond to light and exhibit higher stresses than natural muscles and higher strains than piezoelectric materials. Nanotubes were processed into sheets using vacuum filtration techniques, and the resulting sheet was mechanically bonded to the acrylic elastomer surface. This resulted in a new type of actuation that is due to the conversion of optical energy into electrostatic, thermal and elastic energy in nanotube sheets. In a nanotube-morathane composite actuator [25] , the dispersion of carbon nanotubes in the thermoplastic elastomer yields nanocomposites that store and subsequently release recovery stress of the material. Infrared photon energies absorbed by the nanotubes raise the internal temperature, melting strain-induced polymer crystallites, and remotely trigger the release of the stored strain energy. Our actuator is different from the nanotube-morathane composite actuator as the actuation is not due to this shape memory effect seen in morathane polymers but due to the physical interlinks between elastic, optical, electrostatic and thermal effects in carbon nanotubes, which involves an optical to mechanical energy transduction mechanism. The actuator works repeatedly under light exposure without the need for any mechanical energy storage that was witnessed in the shape memory polymer nanocomposite actuators [25] . The actuator can be controlled remotely by shining light on it, eliminating the complicated electrical connections needed for electrically driven actuators. Unlike normal electroactive polymers, the actuation does not require high electric fields, and visible actuation occurs at light intensities as small as 5 mW cm −2 . Furthermore, this type of actuator does not suffer from limitations of electrochemical actuators, which require an electrolyte, and can be used in dry and wet environments.
Experimental and discussion
The optically driven nanocomposite actuators as described here were simple to fabricate. Carbon nanotubes were commercially obtained that were made by a pulsed laser ablation process and purified by nitric acid reflux, cycles of washing and cross-flow filtration. The diameters of the nanotubes that were grown using this process ranged from 1.3 to 1.4 nm with an average diameter of 1.35 nm, as measured from the TEM images. 16 mg of the SWNTs was dispersed in 100 ml isopropyl alcohol and agitated for 20 h to disperse the nanotubes uniformly in the solution to a final concentration of 0.16 mg ml −1 . The SWNT suspension was then vacuum filtered through a poly (tetrafluoroethylene) filter (47 mm in diameter) [1] . The resulting SWNT sheet on the filter was rinsed twice with isopropyl alcohol and deionized water and then dried at 80
• C for 2 h to remove any remaining organic residues in the sheet. After drying, the SWNT sheet was peeled off the filter with a final thickness ranging from 30 to 40 µm and a bulk density of about 0.3 g cm −3 . Figure 1(a) shows the optical image of a free-standing SWNT sheet or 'Bucky Wafer' made by vacuum filtration. Many different shapes of nanotube sheets can be easily fabricated using the vacuum filtration method and can be conveniently patterned on to oxide as well as polymeric substrates. Figure 1 used in making the actuator without further optimization. The acrylic elastomer was purchased from 3 M, sold as 137DM-2. The material is available as a precast adhesive tape of 12.5 mm in width and about 80 µm in thickness. A thin acrylic elastomer film derived from the adhesive tape, 30 µm thick and 30 mm × 2 mm in dimensions, was attached to a piece of SWNT sheet of similar dimensions by direct physical contact. The resulting structure was used to study the light-induced actuation.
As a first demonstration of actuation, a cantilever structure was fabricated by attaching the actuator to a 100 µm thick PVC film. Figure 2 (a) shows the schematic arrangement of the entire setup with the cantilever structure anchored on a base that bends in a direction normal to the cantilever surface. The structure of the actuator is shown in the inset. A halogen lamp of tunable intensity was used as the light source and was incident normal to the surface of the cantilever. The light intensity was recorded using a Newport 1815-C intensity meter. A digital camera was used to characterize the displacement of the structure. The displacement of the cantilever under optical illumination is shown in figure 2(b). An intensity of 60 mW cm −2 was used to actuate the cantilever for four cycles. During the period of light exposure, the displacement of the cantilever measured was in the direction of the PVC, indicating an increase in the length of the actuator. Once the light source was turned off, the actuator contracted back to its original length and the cantilever to its initial position, suggesting elastic deformations of the actuator upon illumination. The actuation was quite repeatable from cycle to cycle with nearly the same displacement amplitude. A maximum displacement of 4.3 mm was achieved for a cantilever length of 30 mm. Electrically driven nanotube actuators have been reported to exhibit high strains of ∼0.7% (non-faradaic) in electrochemical solutions [2] . However, no such investigations have been reported for optical actuation as most materials do not undergo significant optical actuation to be useful for any practical application. In the past, piezoelectric and photostrictive materials undergoing photovoltaic effects have been used for optical actuation. However, the strains in these materials have never exceeded 0.1% [26, 27] . Recently, chalcogenide glasses have been proposed as a new class of materials that can convert optical energy to mechanical energy. However, the strains experienced by these glasses were very small, and only nano-contraction and nanodilation were achieved [28, 29] . Surprisingly, we found that the nanocomposite actuator as presented here experienced significant amount of strains upon light illumination. In order to characterize the strain experienced by the actuator under optical illumination, an experiment was set up as shown in figure 3(a) , in which the actuator was doubly clamped between a vertical anchor and the PVC film. The PVC film was 100 µm thick and was fixed vertically to the base. The stress on the actuator (30 mm × 2 mm), due to light incident normal to its surface, bent the PVC film. The displacement of the PVC film was recorded by a digital camera and was used to characterize the change in length of the actuator. Figure 3 (b) shows six cycles of strain response of the actuator under different light intensities. The strain cycles were quite repeatable with nearly the same strain amplitude for any given intensity. It can be seen that the strain values are positive, suggesting that the actuator expands during optical exposure and returns back to its original strainfree position when the source is turned off. Acrylic elastomers have earlier been used as dielectric electroactive polymers as they produce higher strain and possess higher elastic energy density than any other dielectric elastomer [11, [30] [31] [32] . When nanotube sheets are bonded with acrylic elastomers, it results in a new type of actuator that utilizes the electrostatic and optothermal effects in carbon nanotubes due to electronphonon coupling in these nanostructures [33] . SWNTs are perfect black bodies and they exhibit excellent optical and thermal absorption properties. It has been shown that fluffy SWNTs can burn when exposed to the flash light of a photographic flash camera [13] . This suggests that SWNTs can absorb a significant amount of photon energy and convert it to electrostatic and thermal energy, which results in a dramatic increase in temperature. Both theoretical and experimental work revealed that SWNTs have extremely high thermal conductivity along the tube axis [34] [35] [36] . According to previous reports, the room-temperature thermal conductivity of isolated SWNTs is 6600 W mK −1 , much larger than that of pure diamond [34] . Although the thermal conductance is significantly lowered in SWNT bundles because of the anisotropic nature of thermal conductivity and thermal barriers between the nanotubes, they are still very good thermal conductors [37] . In the actuator, the ability of a temperature rise for carbon nanotubes upon absorbing light together with the high thermal conductance give rise to a temperature increase of the whole actuator structure, leading to a thermal expansion of the structure and thus causing actuation. It is apparent that the higher the intensity of light incident on the sample, the greater the amplitude of strain measured. Figure 3(c) shows the strain versus incident light intensity ranging from 0 to 120 mW cm −2 . It can be construed that for smaller intensities the rate of strain induced is higher than at higher intensities. At higher intensities, optical scattering and reflection and heat dissipation due to the temperature rise become more serious, and in turn slow down the rate of increase of strain. A strain value of ∼0.3% was measured using light intensity of 120 mW cm −2 . Although electrically driven actuators have been shown to experience higher strains, nevertheless, these results show that similar strains could be obtained for optical actuation which has not been seen in the past. In order to study the robustness of the actuator and its actuation in wet environments, the setup shown in figure 3(a) was placed in a beaker containing deionized water. Upon exposure to a light of intensity 80 mW cm −2 , a strain of 0.06% was measured, which is about 25% of the value measured in dry room-temperature ambience. The smaller strain in deionized water is explained by the absorption of light by water and heat dissipation through water which leads to a weaker actuation and lower strain.
The electrostatic effect could also be an important actuation mechanism. The elastic response of the carbon nanotube bundles to visible light was investigated in a previous report [14] . SWNT bundles showed distinct movement such as stretching, bending, and repulsion when they were exposed to visible light. These elastic effects upon light exposure were explained by electrostatic interaction induced by localized charge separation and imbalance. Figure 4 . The current flowing through the carbon nanotube sheet of the actuator during optical actuation. The applied voltage along the SWNT sheet is 100 µV and 100 mW cm −2 light intensity is used during the light exposure. In each cycle, an increase of about 8 µA of current is seen upon light exposure, and the current drops back to its original value when the light is switched off.
is incident on carbon nanotubes, it increases the conductivity of the nanotubes [38] [39] [40] . This photoconducting nature of nanotubes arises due to charge carrier (electron-hole pairs) generation in the presence of light illumination. We measured the photocurrent flowing through the sample during optical actuation with applied voltage of 100 µV, and the result is shown in figure 4 . With light exposure of 100 mW cm −2 , the current increased ∼8 µA, and went back to its original value when the light was switched off. The cycles were quite repeatable, which indicated the generation of charge carriers (electron-hole pairs) during light exposures. These optically induced charge carriers increase the conductance and in turn the current of the carbon nanotube sheet. It is worth noting that the photon-induced conductance change of carbon nanotube bundles was explained in the past as a result of oxygen absorption and desorption [39] . However, when the experiment was done in high vacuum (10 −7 Torr) or in argon ambient, similar results were still repeatedly acquired in our samples, indicating that the effect of increase in current is due to charge generation and carrier separation. Since the nanotubes are in bundles, both metallic and semiconducting nanotubes could be roped together, essentially creating a local imbalance in the charge density due to the intertube interaction, the charge transfer from metallic tubes to the semiconductor ones, interbundle or intertube barriers and poor intertube and interbundle contacts, which results in a local electrical field inside the SWNT bundles [14] . The SWNT bundles as shown in figure 1(a) also exhibit high curvatures and have inherent deformations. These inherent deformations may lead to an increase in the local density of states near the Fermi level and a shift in the valence band edge due to increased π-σ hybridization in the deformed regions [33] . This could induce carrier separation between tubes and bundles and lead to charge accumulation at the intertube or interbundle contacts. Under light illumination, electron-hole pairs are generated and they move in the nanotube bundles, resulting in a highly nonuniform charge distribution. This excess charge distribution in the carbon nanotubes in the bundles could induce local electrostatic fields, and stretch the carbon nanotube sheet and increase its total length. Comparing figures 3(b) and 4, the responses of photon-induced conductivity are on a similar time scale to the actuator strain responses, which also proves that they share the same origin. Further, the local electrical field at the surface between the SWNT sheet and acrylic elastomer film could also exert Maxwell stress on the acrylic elastomer and result in the stretching of acrylic elastomer, which adds up to the total strain in the samples. The nanotube sheets that we used for our experiments were produced by the same methods as those described in [1] . We measured the Young's modulus of several nanotube sheets using a dynamic mechanical analyser and arrived at an average Young's modulus of ∼1 GPa for the nanotube sheets, and 0.5 MPa for the Young's modulus of the acrylic elastomer. The Young's modulus of the composite was measured to be ∼320 MPa. The maximum stress generated in the actuator for a maximum strain of 0.3% was therefore 0.9 MPa, which is significantly higher than the peak capacity of human skeletal muscles (0.3 MPa) [41] and comparable to the first reported electrochemically driven nanotube actuators [1] . For more optimized nanotube sheets and using high modulus materials instead of elastic polymers, one can improve the Young's modulus of the actuator, which can result in higher stress than for the non-optimized nanotube bundles as reported here. For making higher strength nanotube sheets, new processing methods are needed rather than the vacuum filtration technique, which has its limitations.
In the above experiments a halogen lamp was used as the light source, which covers a broad spectrum of wavelengths ranging from visible to near infrared light. A study of the effect of different wavelengths would provide a better insight on the basic actuation mechanism. To perceive this, eight different semiconductor lasers of various wavelengths (635, 690, 784, 808, 904, 980, 1310, 1550 nm) were used as the optical source. The average light intensity shining on the actuator surface was tuned to range from 0 to 65 mW cm −2 depending on the maximum output power of the lasers. Figure 5 shows the strain characterization of the actuator under different laser sources. The strain response followed a similar trend for the lasers as that of the halogen lamp in that the strain increased with increasing intensity. The lines indicated in the plots are polynomial fittings of the experimental data points. The curves can be observed to be linear for intensities below 40 mW cm −2 . At higher laser intensities (depending on their output power), the rate of change of strain is smaller than at lower intensities (see 690, 808 and 980 nm laser curves). Figure 5 (b) is a magnification of figure 5(a) in the intensity range 3-28 mW cm −2 to show the difference in strain clearly at lower intensities. When the intensity is maintained constant, the strain can be seen to be a function of wavelength, or photon energy. Figure 6 shows the strain response for different photon energies under an intensity of 15 mW cm −2 . As the photon energy is increased from 0.8 to 1.94 eV, the strain increases from 0.0192% to 0.0365%, almost a factor of two at these weak laser intensities.
As a simple demonstration of the potential use of this technology as actuators, a millimetre-scale gripper was fabricated which was subsequently used to manipulate small objects. The sequence of gripper manipulation is shown in figure 7 . The dimensions and structure of the actuator in the gripper are the same as discussed earlier and shown in figure 2(a) . The actuators are attached to either side of a probe station arm such that the gripper is closed when the light source is switched off and open when the light is turned on. This setup was used to manipulate a piece of aluminium oxide, 4 mm × 2 mm in dimensions and 0.3 g in weight, and place it on a Petri dish, as shown in figure 7 . Initially, the gripper was closed without light exposure. When the light was turned on, the actuation of the structures opened the gripper to grab the particle. After the arm was moved and placed over the Petri dish, the light was turned on again and the particle was released as the gripper opened. Although this demonstration is rudimentary, nevertheless, it shows the ability to manipulate small objects very easily using this technique and the ability of both the arms of the actuators working independently from one another to respond similarly to optical sources at macroscopic length scales. The demonstrations of these millimetre-scale grippers are first prototypes, and much more work is required before the potential advantages of this technology can be experimentally assessed in practical devices. With just modest improvements, one can use this technology for cell manipulation and optically driven micro-cantilevers for medical catheter applications. Arrays of cantilevers based on nanotube sheets that are optically actuated could potentially pave the way for the development of micro-optomechanical systems (MOMS) based on carbon nanotubes. Such MOMS devices could be useful in optical deflection assays for label-free analysis of protein-protein binding, DNA hybridization, DNA-protein interactions, and cell-antibody interaction. While silicon counterparts have been used in the past for label-free genetic analysis, the nanotube cantilevers could potentially result in enhanced sensitivity due to the higher number of sites for binding events, and larger deflection due to the reduced mass of the cantilever. Unlike electrically driven nano-tweezers, optically driven nano-tweezers based on nanotubes could be used as a nano-surgical tool for probing inside biological entities such as cells, without having to worry about electrolytic currents. Optically actuated robots based on this technology can provide for doing mechanical work in a remote environment. These actuators could also potentially be used for optical micro/nano-positioning systems in air, liquid and vacuum interfaces due to their ability to work in all these three interfaces. The actuators are easy to fabricate and versatile compared to other actuation technologies. They can be integrated with optical sources such as semiconductor lasers and light-emitting diodes directly to form devices on a single chip. Finally, actuators based on aligned nanotube sheets could potentially increase the strains and stresses due to their higher Young's modulus for practical applications in macro-, micro-and nano-scale actuation technologies.
Conclusion
In this paper we have reported the design and fabrication of optically driven single-wall carbon nanotube actuators. Like natural muscles, these actuators are assemblies of millions of single wall nanotubes processed into macroscopic length scales and bonded to sheets of commercially available acrylic electroactive polymers. These composite actuators exhibited strains from 0.01%-0.3% at light intensities of 5-120 mW cm −2 . The mechanism of actuation is due to the physical interlinks between electrostatic, elastic and thermal effects in the nanotube composite actuators. With increase in photon energy from 0.8 to 1.94 eV, the strains in these actuators were shown to increase by almost twice at laser intensities of 15 mW cm −2 , demonstrating the potential for tuning actuator strain in this range of photon energy. These actuators work in vacuum, air and in liquid environments. To show the power of this actuation technology, an optically actuated gripper is demonstrated for manipulation of small objects. We believe that optically driven nanotube actuators could be explored for many actuator applications such as micro-cantilevers for medical catheter applications, carbon nanotube-based MOMS, optically driven nanotube nano-tweezers for nano-surgical tools, remotely actuated macro-, micro-and nano-robots based on carbon nanotubes and optical micro/nano-positioning systems.
